Great Boiling Spring is a large, circumneutral, geothermal spring in the US Great Basin. Twelve samples were collected from water and four different sediment sites on four different dates. Microbial community composition and diversity were assessed by PCR amplification of a portion of the small subunit rRNA gene using a universal primer set followed by pyrosequencing of the V8 region. Analysis of 164 178 quality-filtered pyrotags clearly distinguished sediment and water microbial communities. Water communities were extremely uneven and dominated by the bacterium Thermocrinis. Sediment microbial communities grouped according to temperature and sampling location, with a strong, negative, linear relationship between temperature and richness at all taxonomic levels. Two sediment locations, Site A (87-80 1C) and Site B (79 1C), were predominantly composed of single phylotypes of the bacterial lineage GAL35 ( p ¼ 36.1%), Aeropyrum ( p ¼ 16.6%), the archaeal lineage pSL4 ( p ¼ 15.9%), the archaeal lineage NAG1 ( p ¼ 10.6%) and Thermocrinis ( p ¼ 7.6%). The ammonia-oxidizing archaeon 'Candidatus Nitrosocaldus' was relatively abundant in all sediment samples o82 1C ( p ¼ 9.51%), delineating the upper temperature limit for chemolithotrophic ammonia oxidation in this spring. This study underscores the distinctness of water and sediment communities in GBS and the importance of temperature in driving microbial diversity, composition and, ultimately, the functioning of biogeochemical cycles.
Introduction
Over the last 20 years, our understanding of life at high temperature has benefitted immensely from cultivation-independent censuses of microbial communities in continental geothermal springs, particularly those in Yellowstone National Park (YNP). The majority of these studies applied low-throughput technologies, relying on PCR amplification, cloning and Sanger sequencing of the small subunit (SSU) rRNA gene as a molecular identifier (Barns et al., 1994; Hugenholtz et al., 1998; Reysenbach et al., 1994 Reysenbach et al., , 2000 Blank et al., 2002; Meyer-Dombard et al., 2005; Spear et al., 2005) . In aggregate, these studies revealed that phyla that dominate most aquatic systems (for example, Proteobacteria, Firmicutes, Actinobacteria, and Bacteroidetes) are replaced with thermophilic specialists at temperatures X80 1C and the surprising abundance of thermophilic bacteria, particularly Aquificae (Reysenbach et al., 2005; Spear et al., 2005) . In addition, this research uncovered unexpectedly high diversity of yet-uncultivated lineages of archaea, in spite of the predominance of Thermoprotei among cultivated terrestrial thermophiles (Spear et al., 2005) . Despite their utility, these censuses were limited by the absence of spatial or temporal sampling and their relative shallowness; thus, they provided only a snapshot of the community and an incomplete understanding of factors that influence microbial community composition and diversity.
A few studies have addressed the relationship between temperature and microbial community structure by studying temperature gradients along geothermal outflows. Two studies examined S 0 and As 5 þ /Fe 3 þ -precipitating geothermal outflows from sulfuric acid-buffered springs in YNP. Jackson et al., 2001 (Jackson et al., 2001 ) noted a transition from a community dominated by Hydrogenobaculum and Desulfurella in the 62.1 1C source and S 0 precipitation zone of Dragon Spring to a community with abundant novel archaea in the cooler As 5 þ /Fe 3 þ precipitation zone below 55 1C. A similar study of a diverted outflow from Perpetual Spring documented the presence of Stygioglobus, Caldococcus, Caldisphaera, Thermocladium and Hydrogenobaculum in mature biofilms in S 0 -depositing zones of B80-70 1C, yielding to possibly less diverse communities in the cooler As 5 þ /Fe 3 þ -precipitating zones (Macur et al., 2004) . Other studies focused on geothermal outflows in circumneutral springs in YNP. MeyerDombard et al. (2011) examined geothermal outflows from four springs in Sentinel Meadows in the Lower Geyser Basin, focusing on comparing microbial communities in similar springs with and without streamer biofilms. All springs contained abundant Thermocrinis at the source, with changes in diversity that were interpreted as a possible ecotone in the transitional area between hotter chemosynthetic and cooler photosynthetic systems in two of the springs.
Recent advances in DNA sequencing technologies have allowed for much deeper microbial community censuses through pyrosequencing of SSU rRNA gene fragments (pyrotags); however, to our knowledge, only one study has employed pyrotag sequencing to study the relationship between temperature and microbial community composition and diversity in terrestrial geothermal systems (Miller et al., 2009) . The study examined photosynthetic communities in two silica-depositing geothermal outflows, White Creek and Rabbit Creek, in the Lower Geyser Basin of YNP between 73 1C and 39 1C. Operational taxonomic unit (OTU) richness at 99% identity was negatively related to temperature and community similarity decreased exponentially with temperature difference, demonstrating that temperature was an important factor in controlling community composition.
Great Boiling Spring (GBS) is a large circumneutral spring in the U.S. Great Basin, the microbiology and geochemistry of which have been studied in some detail (Huang et al., 2007; Costa et al., 2009; Lefèvre et al., 2010; Dodsworth et al., 2011; Hedlund et al., 2011; Miller-Coleman et al., 2012) . GBS is sourced with B85 1C Na þ /Cl À -dominated hydrothermal fluid that accumulates in the source pool for B1.5 days, leading to oxic conditions in the bulk water (Costa et al., 2009) . The geothermal source contains ammonia as the dominant form of dissolved inorganic nitrogen, which supports a highly active nitrogen cycle in which ammonia is oxidized to nitrite by a close relative of the ammoniaoxidizing archaeon 'Candidatus Nitrosocaldus yellowstonii' . In turn, oxidized nitrogen supports both dissimilatory nitrate reduction to ammonium and denitrification, which is incomplete at high temperatures, leading to high nitrous oxide flux from the spring source Hedlund et al., 2011) . Cultivation-independent censuses of the microbial community in GBS that were performed using lowthroughput Sanger sequencing revealed a high proportion of novel lineages of archaea and bacteria. (Costa et al., 2009) . This high degree of novelty was further supported by pyrosequencing of single samples of water and sediment communities, which also defined a stark contrast between the two communities .
The present study uses SSU rRNA gene pyrotag sequencing to examine microbial community composition and diversity in GBS within the context of spatial and temporal sampling. The primary goals were: (i) to determine the effect of temperature on community composition, diversity and inferred function (ii) to determine whether microbial communities in sediments and bulk water are similar or distinct and (iii) to evaluate the temporal stability of the microbial community in GBS in the face of temperature fluctuations. The current study assesses both archaea and bacteria at all taxonomic levels and includes analysis of water-borne cells as well as sediment samples above, near and below the photosynthetic temperature limit at several different sampling times.
Materials and Methods
Sample collection, DNA extraction, PCR and pyrosequencing GBS is located at N40139 0 41 00 W119121 0 58 00 . Five sample locations, sites A, B, C, D and E, (Supplementary Figure S1) were identified within GBS for sediment sampling. The sediment/water interface (top B1 cm) was sampled using sterile technique. Bulk water samples (site W) were collected using either normal filtration, with a 0.2 mm Supor filter (hydrophilic polyethersulfone, Pall Corporation, Port Washington, NY, USA) or tangential flow filtration (TFF; prep/scale filter with 30 kDa molecular weight cutoff, Millipore, Billerica, MA, USA). Sampling was performed at all sites in February, 2010, with additional samples taken at a subset of the sites in July, 2007 , December, 2008 , June, 2009 and July, 2010 (Table 1) . Samples are identified in the text by a four number code indicating the month and year of sampling (in YYMM format) followed by a letter indicating the sample site; for example, 0706W refers to the bulk water sample taken during June 2007. Sediment and normal flow filters were placed on dry ice immediately and transported to the laboratory (o36 h) where they were stored at À 80 1C until processing. Tangential flow filtration concentrates were stored on ice for o24 h, after which the cells were pelleted by centrifugation at 6000 rcf for 10 min and stored at À 80 1C until processing. Temperature and pH were measured in the bulk water using a LaMotte pH5 Series pH/temperature meter (LaMotte, Chestertown, MD, USA).
DNA was extracted from sample 0812W using the Joint Genome Institute's (JGI) cetyltrimethyl ammonium bromide protocol (Department of Energy Joint Genome Institute & California, 2010). DNA was extracted from all other samples using the FastDNA Spin Kit for Soil (MP Biomedicals, Solon, OH, USA) using modifications specified previously . DNA was precipitated with 70% ethanol and resuspended in 0.5 Â TE (5 mM Tris, 0.5 mM EDTA, pH 8). DNA retrieved from the sediment sample collected at site D was insufficient for PCR and therefore site D was excluded from further analysis. DNA was shipped on dry ice to the JGI, where a portion of the SSU rRNA gene, including the V6-V8 hypervariable regions, was amplified using JGI's universal PCR primers 926F (5 0 -cctatcccctgtgtgccttggcagtctcagAAACTYAAAKGA ATTGACGG-3 0 ) and 1392R (5 0 -ccatctcatccctgcgtg tctccgactcag-oXXXXX4-ACGGGCGGTGTGTRC-3 0 ). Primer sequences were modified by the addition of 454 A or B adapter sequences (lower case). In addition, the reverse primer included a 5 bp barcode, shown above, for multiplexing of samples during sequencing. Twenty ml PCR reactions were performed in duplicate and pooled to minimize PCR bias using 0.4 ml Advantage GC 2 Polymerase Mix (Advantage-2 GC PCR Kit, Clontech, Mountain View, CA, USA), 4 ml 5 Â GC PCR buffer, 2 ml 5 M GC Melt Solution, 0.4 ml 10 mM dNTP mix (MBI Fermentas, Glen Burnie, MD, USA), 1.0 ml of each 25 nM primer and 10 ng sample DNA. The thermal cycler protocol was 95 1C for 3 min, 25 cycles of 95 1C for 30 s, 50 1C for 45 s, 68 1C for 90 s and a final 10-min extension at 68 1C. PCR amplicons were purified using solid-phase reversible immobilization beads and quantified using a Qubit flurometer (Invitrogen, Carlsbad, CA, USA). Samples were diluted to 10 ng/ml and mixed in equal concentrations. Emulsion PCR and sequencing of the PCR amplicons were performed following the Roche 454 GS FLX Titanium technology (454 Life Sciences, Branford, CT, USA) manufacturer's instructions. Results obtained with the universal JGI primer set used for amplification indicated a lack of detection of archaea known to be present in GBS (data not shown). Comparison of the standard JGI forward primer with near full-length SSU rRNA gene sequences obtained from GBS (Costa et al., 2009) and other geothermal environments revealed that the corresponding sequence in most archaea had at least one mismatch to the forward primer (data not shown). Therefore, a revised forward primer, 926F454TitFNew (AAACTYAAAKGAATTGRCGG), was designed and used for pyrotag amplification. Choice of primer pair during PCR can heavily influence estimates of microbial richness and evenness due to varying degrees of binding efficiency between primers and the sequences of the various SSU rRNA gene primer binding sites present in the sample (Engelbrektson et al., 2010) . In this case, use of the newly designed primer pair led to a dramatic increase in species richness, as compared with a dataset obtained from using the standard primer set (data not shown).
Sequence processing 285 719 pyrotags from 12 samples were quality filtered, aligned and analyzed using the mothur software package v. 1.20.2 (Schloss et al., 2009) . Quality filtering discarded sequences with Pyrotags remaining after chimera check and other quality filters.
Pyrotag analysis of hot spring communities JK Cole et al ambiguous base calls, homopolymers of seven nucleotides or longer, and sequences with an average quality score o27 (as recommended by (Kunin & Hugenholtz, 2010) ) over a window size of 50 nt. The mothur-provided bacterial and archaeal Silva reference files were concatenated into a single file against which quality-filtered sequences were aligned using default Needleman-Wunch algorithm parameters. The alignment was manually curated and sequences that did not end at nucleoide 1386 in the E. coli SSU rRNA gene were discarded. Preclustering was performed at a level of 1% difference. The alignment was checked for chimeras using mothur's chimera.slayer command (modeled after ChimeraSlayer by Broad Institute, Cambridge, MA, USA; http://microbiomeutil.sourceforge.net/ #A_CS) with abundant sequences in the sample set serving as the reference set. Sequences with very low abundance or those that did not align appropriately were searched against the NCBI BLAST database using blastn to further evaluate sequence quality (Zhang et al., 2000) . Confirmed and possible chimeric sequences, eukaryotic sequences, chloroplast sequences and low-abundance sequences with little similarity to any known organism were discarded, resulting in a curated set of 164 178 sequences, 200-230 nt in length, approximately covering bases 1156-1377 (including the V8 hypervariable region) of the E. coli SSU rRNA gene. SFF files containing the original unfiltered pyrosequences were submitted to the NCBI Sequence Read Archive (0812W, SRX201232; 0812W, SRX201232; 0906W, SRX201233; 1002W, SRX201234; 0812A, SRX201235; 0906A, SRX201236; 1002A, SRX201239; 1007A, SRX201241; 1002B, SRX201242; 1007C, SRX201244; 1002C, SRX201245; 1002E, SRX201246) and associated with NCBI BioSample SUB112233 and NCBI BioProject SUB112230. The Quantitative Insights into Microbial Ecology (QIIME) software package v 1.3.0 (Caporaso et al., 2010) was used to designate OTUs using the UCLUST algorithm (Edgar, 2010) . Taxonomy was assigned according to the QIIME-compatible GreenGenes database-derived OTU set released on 4th Feb, 2011 (DeSantis et al., 2006 using the blast algorithm, and also the QIIME-compatible pre-built Ribosomal Database Project (RDP) using the RDP classifier algorithm (Cole et al., 2009) . Each OTU was assigned to the most detailed lineage in the database matching X90% of the sequences within the OTU. Where the taxonomy assignments of the 97% OTUs derived from the GreenGenes database and the RDP classifier disagreed, the representative sequences of those OTUs were submitted to NCBI blast to further assess the taxonomic assignment (Johnson et al., 2008) . The GAL35 group is currently one of two candidate class-level groups within the candidate phylum OP1 but was given a phylumlevel designation in a previous edition of the Greengenes phylogeny (29 November, 2010) . In our own phylogenetic analyses, the position of the GAL35 group is uncertain, but may be affiliated with the Chloroflexi (Costa et al., 2009) (Dodsworth et al., unpublished results) . We therefore chose the conservative approach of retaining its designation as a distinct lineage rather than grouping it with other previously named phylum-level groups.
Statistical analyses
Rarefaction and collector's curves were generated for OTUs observed at the 97% OTU level using mothur. Rarefaction curves were prepared at sequencing depth of p915 for archaea and p4410 for bacteria. QIIME was used to calculate alpha diversity measures at OTU definitions of 80, 85, 92, 95 and 97% sequence identity, including OTUs observed, Chao1 (Chao, 1984) , the Shannon Index, and Simpson's Index of Diversity. Simpson's Evenness was calculated in Microsoft Excel 2007. QIIME was used to perform beta diversity analyses. Bray-Curtis dissimilarity (Bray and Curtis, 1957) was calculated at the 97% OTU level and principal coordinates analysis and hierarchical cluster trees were constructed from the resulting matrix. A hierarchical cluster tree at high taxonomic level (phylum level for bacteria and class level for archaea) was constructed based upon taxonomy assigned to 97% OTUs.
Analysis of Similarity (ANOSIM) and Similarity Percentage (SIMPER) calculations were conducted using PAST v. 2.11 (Hammer et al., 2001) . ANOSIM was used to test for significant differences between sample groups defined by the 97% OTU cluster tree. Holm's sequential Bonferroni correction was used to correct for multiple comparisons (Holm, 1979) . Those groups found to be significantly different according to uncorrected P-values were subjected to SIMPER analysis based on Bray-Curtis dissimilarity in order to define the OTUs primarily responsible for the differences between the groups.
Pearson's w 2 goodness-of-fit calculations and linear regressions were performed using the R Project for Statistical Computing (R Development Core Team, 2011). In regressions of diversity versus temperature, sediment community samples collected at the same location in different years were treated as independent samples because the temperatures differed between years and the time intervals between sampling were sufficiently long that communities could adjust to changed temperature conditions.
Mineralogy
Samples were dried at ambient temperature in an anaerobic chamber (Coy, Gross Lake, MI, USA) with an atmosphere of 90% N 2 , 5% CO 2 , and 5% H 2 . Samples were then scanned with a Scintag X1 X-ray powder diffractometer (Scintag, Cupertino, CA, USA) using CuKa wavelength, a fixed slit scintillation detector, and a power of 1400 W (40 kV, 35 mA). 
Results and discussion
Overview of pyrotag dataset A total of 164 178 quality-filtered SSU rRNA gene pyrotags were obtained from twelve samples collected on up to four sampling dates from bulk water (site W) and four sediment sites (sites A, B, C and E; Figure 1 ). Total community OTU abundance ranged from 25-252 at the 97% level and from 10-27 at the 80% level, roughly corresponding to species and phyla, respectively (Supplementary Table S1 ). The V8 region, which possesses less variation than the unmasked full-length SSU rRNA gene, was the only hypervariable region contained within the qualityfiltered pyrotags. Use of only the V8 region likely caused an underestimation of the richness of the communities sampled in this study (Youssef et al., 2009 ). Collector's curves suggested that sampling did not approach completion at any sample location (Supplementary Figure S1 ).
Water and sediment communities are distinct
Cluster analysis calculated at the phylum/class level ( Figure 2a ) and the species level (Figure 3a ) revealed distinct clustering of microbial communities from water and sediment samples. Furthermore, principal coordinates analysis at the species level showed that the primary axis of variation separated water versus sediment communities (Figure 3b ). ANOSIM confirmed highly significant differences between water and sediment communities (Po0.01, corrected Po0.05; Supplementary Figure S2 , Node 1). In order to isolate differences between water and sediment communities from variation in sample temperature, ANOSIM was performed comparing the microbial communities in the four water samples against sediment samples collected within the same temperature range (82-80 1C; 0812A,  0906A, 1002A ). This analysis demonstrated a significant difference between the communities in the water and equivalent-temperature sediment samples (Po0.01, corrected Po0.05; Supplementary Figure  S2 , AB-W). Alpha diversity calculations with the same equivalent-temperature sample set showed that water and sediment communities had similar richness at all taxonomic levels; however, Student's t-tests indicated the water community was significantly less even at OTU levels from 95, 92 and 85%, roughly corresponding to the level of genus, family and order, respectively (Figure 4 ; Supplementary Tables S1-S3).
SIMPER analysis was performed to identify species that contributed to the dissimilarity between water and sediment samples (Table 2) . Two OTUs, a Thermocrinis sp. ( p ¼ 89.47%) and Pyrobaculum caldifontis ( p ¼ 8.63%), dominated water communities, yet each was present at low relative abundance in sediment communities. The high relative abundance of Thermocrinis and Pyrobaculum in the water column could result from these populations shedding from sediment communities; however, the lower evenness and higher abundance of cells in the GBS water column compared with a nearby spring with a much shorter water residence time suggest that these two genera live and reproduce in the water column. Other taxa that contributed to dissimilarity of water and sediment communities were more abundant in sediments, including an Aeropyrum sp. and an OTU related to the novel archaeal lineage NAG1 ( (Kozubal et al., 2012) ; Supplementary Table S4) .
The distinctness of water and sediment communities is well known in most natural aquatic systems and has been identified in a large meta-analysis as a primary driver delineating microbial community composition (Lozupone and Knight, 2007) . These differences segregate biogeochemical functions in natural aquatic systems. For example, in marine systems, the photic zone of the water column is characterized by primary productivity and highly dynamic recycling of both elements and energy (that is, the 'microbial loop'), whereas the deep sea water column and sediments are essentially heterotrophic systems that are responsible for mineralization of sinking material from above (reviewed in (Fenchel, King and Blackburn, 1998) ). While biologists studying thermophilic viruses focus entirely on waterborne material, the majority of research on the biology of geothermal systems focuses entirely on sediments or mineral precipitates and potentially Water Samples Sediment Samples 80% 60% 40% 20% 0% 100%
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Temperature controls richness and composition of sediment communities at all taxonomic levels The effects of temperature on microbial communities were explored using two different approaches: first, by determining whether microbial composition clusters were concordant with differences in temperature, and, second, by determining whether quantitative relationships exist between measures of OTU diversity and temperature (Supplementary  Table S1 ). Cluster analysis calculated at the phylum/ class level (Figure 2a ) and the species level (Figure 3a) showed that sediment samples clustered according to temperature and principal coordinates analysis at the species level showed that temperature corresponded with the secondary axis of variation (Figure 3b ). ANOSIM confirmed a significant difference between sediment communities that were divided into three temperature groups, 87-79 1C (sites A and B), 76-72 1C (site C) and 62 1C (site E) (Po0.05, corrected Po0.05; Supplementary Figure S2b) .
Within the sediment samples, both Simpson's and Shannon Diversity Index exhibited an inverse relationship between microbial diversity and temperature (Supplementary Tables S1-S3 ). For example, both Simpson's diversity values and Shannon Index for 97% OTUs had negative, linear relationships with temperature (R 2 ¼ 0.60 and R 2 ¼ 0.76, respectively).
To disentangle the components of alpha diversity, the relationships between temperature and evenness and richness were assessed separately. Using the combined archaea and bacteria dataset, richness at every OTU level showed a highly significant, negative, linear relationship with temperature both before and after correction for multiple comparisons (R 2 X0.88, Po0.001, corrected Po0.01; Figure 5a ). The estimated slopes (OTUs per 1C ± s.e.) ranged from À 8.57±1.37 for 97% OTUs to À 0.73±0.09 for 80% OTU richness (Figure 5a ). When assessed separately, bacterial richness showed a significant, negative, linear relationship with temperature at all OTU definitions (R 2 ¼ 0.88, Po0.001, corrected Po0.001; Supplementary Figure S3b) , whereas archaeal richness only showed a significant relationship with temperature at the 80% (R 2 ¼ 0.89 Po0.001, corrected Po0.01) and 85% OTU levels (R 2 ¼ 0.64, Po0.05, corrected Po0.1) (Supplementary Figure S3a ). The Chao1 richness estimator showed a similar negative relationship between estimated richness and temperature; however, the relationship was weaker than that observed for OTUs (Supplementary Table S4 ).
Many factors typically covary with temperature in geothermal systems, due to processes such as degassing, mineral precipitation, evaporation, autotrophy and oxidation (Nordstrom et al., 2005; Fouke, 2011) . In GBS, cooler temperature covaried negatively with dissolved oxygen concentration (r ¼ À 0.88) (Supplementary Figure S4) . Alpha diversity measurements also covaried to some degree with pH and oxygen (Supplementary Table  S4 ). However, multiple regressions of combined OTU richness against the chemical variables showed that temperature accounted for more variation in richness than any chemical variable. In multiple regressions of 80, 85 and 95% OTU levels, richness against physicochemical variables, there were highly significant, negative relationships between richness and temperature after adjusting for other environmental variables (R 2 ¼ 0.99, P ¼ 0.006; R 2 ¼ 0.99, P ¼ 0.006; R 2 ¼ 0.97, P ¼ 0.009; respectively). Although other unmeasured physicochemical variables cannot be ruled out as factors that influence microbial community composition, these results suggest temperature is the major factor driving community composition and structure. The homogeneous mineralogy of GBS sediments (Table 1 ) eliminated sediment heterogeneity as a factor.
Statistical analyses performed with the combined dataset (Figure 5b ) or the bacteria-only dataset (Supplementary Figure S4d) revealed no significant relationships between temperature and evenness at any OTU definition. However, a significant, positive, linear relationship between evenness and temperature was evident in the archaeal dataset at OTU levels 80, 85, 92 and 95% before correction and 80 and 95% after correction (Supplementary Figure S4c) .
To further investigate the relationship between temperature and diversity, we examined the community similarity as a function of pairwise temperature difference between samples. This revealed an exponential decay in community similarity as the temperature difference between samples increased ( Figure 6 ). Our results were similar to those observed by Miller et al., 2009 in the photosynthetic zones of two alkaline geothermal outflows in YNP, ranging from 74-39 1C. However, we observed a much steeper decline in species richness as temperature increased within the temperature range we had studied, 87-62 1C, suggestive of a much stronger selective force at high temperature. To our knowledge, diversity decay dynamics along a temperature gradient had not rigorously been addressed at temperatures above the photosynthetic limit.
SIMPER was used to identify taxa that contributed most to differences between sediment communities in the three temperature groups confirmed to be significant by ANOSIM, 87-79 1C (sites A and B), 76-72 1C (site C) and 62 1C (site E) ( Figure S5c) and Thermocrinis ( p ¼ 7.6%). These five species were present at lower temperature sites C (76-72 1C) and E (62 1C), but were significantly less abundant (w 2 ¼ 77909, Po0.0001; Figure 2b , Supplementary Figure S6 ). Bacteria made up a significantly higher percentage of the communities at cooler temperature sites C and E (73.7% versus 59.9%; w 2 ¼ 2076, Po0.0001; Figure 2b ). Species that were particularly abundant at site C (76-72 1C) included a phylotype in the Armatimonadetes ( p ¼ 15.9%), a distinct phylotype in the archaeal lineage pSL4 ( p ¼ 15.9%) and 'Ca. N. yellowstonii' ( p ¼ 8.89%). Although most phylum-and class-level OTUs were represented by a single abundant species in the pyrotag dataset (41%), Armatimonadetes and pSL4 were exceptional in that temperature specialization was apparent (Supplementary Figure S5a Supplementary Figure S5b ). The recently discovered phylum Armatimonadetes (Stott et al., 2008) was represented primarily by three 97% OTUs, one of which was abundant at site C ( p ¼ 15.9%), and the others which were only present at site E. pSL4 was also represented primarily by three OTUs with one dominant at high temperature sites (Supplementary Figure S6b, blue) and another dominant at lower temperature sites (Supplementary Figure S6b , purple).
Inferences on upper temperature limits of biological functions
The distribution and abundance of pyrotags can offer clues to the spatial distribution of biogeochemical functions within the spring. Two species-level lineages were identified as 'Ca. N. yellowstonii'. The more abundant of these OTUs comprised 5-15% of all pyrotags at sites A, B and C when sampled between 80 and 72 1C and shared 99% identity with 'Ca. N. yellowstonii' (EU239960) over the full length of the pyrotag. The less abundant OTU represented B6% of pyrotags at site E (62 1C) and was 97% identical to 'Ca. N. yellowstonii' (EU239960) over the full length of the pyrotag. Previous work has documented relatively high rates of ammonia Bray-Curtis similarity Figure 6 Exponential decay of community similarity as the difference between sample temperatures increases. The linear regression between log-transformed Bray-Curtis similarity and the difference between sample temperatures was highly significant (y ¼ 56.021 e
oxidation in GBS sediment (82 and 81 1C) and extremely high abundance of 'Ca. N. yellowstonii' (amoA 3.5-3.9 Â 10 8 and SSU rRNA gene 6.4-9.0 Â 10 8 copies per g of sediment) . These results delineate an upper temperature limit of B82 1C for ammonia oxidation by 'Ca. N. yellowstonii' in GBS, yet 'Ca. N. yellowstonii' has heretofore only been cultivated at temperatures up to 74 1C in the laboratory (de la Torre et al., 2008) . The cause of the B8 1C difference in upper temperature for laboratory growth and abundance and activity in situ remains to be elucidated.
In GBS, ammonia oxidation limits denitrification, which seems to be heterotrophic at 81 and 79 1C and is carried out at least in part by Thermus thermophilus strains that produce nitrous oxide as the terminal denitrification product Hedlund et al., 2011) . T. thermophilus was most abundant in pyrotags at sites B (79 1C) and C (76 1C) ( p ¼ 2.2%), but was replaced by other Thermus species, primarily T. scotoductus, at lower temperatures ( p ¼ 9.1%) (Supplementary Figure S7) . However, the low temperature sites likely hosted other denitrifiers as well. The temperature specialization of T. thermophilus at relatively high temperature sites in GBS, in combination with the low species richness at those sites, may drive the observed high nitrous oxide flux at high temperature in GBS sediment .
Site E (62 1C) was well below the known upper temperature limit for photosynthesis (Brock, 1967; Cox et al., 2011) and contained OTUs belonging to known photosynthetic genera. Synechococcus and Chloroflexus were each represented by at least one 97% OTU of B3.57% relative abundance at site E. However, neither organism was detected at site C (76 and 72 1C), possibly due to temperature fluctuations that were common in GBS (data not shown). An OTU identified as a member of an unknown genus of Rhodospirillaceae was present at site E ( p ¼ 1.41%); however, phototrophy is paraphyletic within that family.
Abundance of novel lineages
Novel phylum-and class-level groups had highest relative abundance in high temperature sediments (sites A,B p ¼ 55.64%), decreasing at site C ( p ¼ 48.90%), and lowest at site E ( p ¼ 12.41%) (Supplementary Figure S8) . The novel bacterial lineage GAL35 and the novel archaeal lineage pSL4 dominated this trend. GAL35 has been detected in geothermal springs in YNP, Chile, Bulgaria and China, and it has never been detected in non-thermal environments (DeSantis et al., 2006) . In GBS, GAL35 had highest relative abundance at site A and site B when they were sampled at 80 and 79 1C ( p ¼ 52.41%), but it was relatively abundant in all pyrotag datasets except site E. pSL4 is affiliated with the recently proposed phylum 'Candidatus Aigarchaeota', an uncultivated group defined by environmental 16S rRNA gene sequences found in a variety of thermal environments and dominant in some anaerobic hydrothermal sediments and mats (Marteinsson et al., 2001; Nunoura et al., 2005; de la Torre et al., 2008; Nunoura et al., 2010; Nunoura et al., 2011) . A composite genome of a representative of 'Candidatus Aigarchaeota', 'Candidatus Caldiarchaeum subterraneum', was found to contain an uptake hydrogenase and aerobic carbon monoxide dehyrogenase, suggesting this organism could exhibit a chemolithotrophic metabolism (Nunoura et al., 2005) . In GBS, pSL4 was most abundant at site A at 87 1C ( p ¼ 54.13%) and was present in at least 3.85% relative abundance in all pyrotag datasets.
Novel genus-level groups had highest relative abundance in high temperature sediments (site A,B p ¼ 70.66%), decreasing slightly at site C ( p ¼ 67.58%), and lowest at site E ( p ¼ 35.32%) (Supplementary Figure S9) . The novel archaeal lineage NAG1 and the novel bacterial lineage OS-L were the most abundant lineages unidentified at the genus level. NAG1 sequences have been obtained from One Hundred Springs Plain Spring in YNP (Kozubal et al., 2012) . In GBS, NAG1 had highest relative abundance in site A at 82 1C ( p ¼ 20.47%) and was not detectable at temperatures o79 1C. The novel bacterial lineage OS-L is a member of the recently proposed phylum Armatimonadetes, formerly known as OP10, cultivated members of which include aerobic heterotrophs (Stott et al., 2008; Lee et al., 2011; Tamaki et al., 2011) . In GBS, OS-L was most prevalent at samples taken between 76 and 72 1C ( p ¼ 8.50%) and was undetectable at temperatures 476 1C.
Conclusions
The current study underscores a need to consider water and sediment communities of geothermal springs separately, particularly in long residence time springs, which permit growth of a specific water-borne microbial community. In GBS, the segregation of nitrogen-cycle functions between sediment and water communities has been clearly documented Hedlund et al., 2011) and other functions are likely segregated as well. Although a number of studies have examined microbial community composition and structure along geothermal outflows, the relative depth of the pyrotag approach employed here supported a strong statistical framework and incisive analyses. We observed a strong, negative, linear relationship between temperature and sediment microbial community richness at all taxonomic levels and illustrated the strong selective force of temperature within the range that was sampled. Temperature also affects ecosystem functioning. In this study, we documented the upper temperature limit of chemolithotrophic ammonia oxidation at B82 1C in situ.
In addition, we identified the thermal niche of Thermus thermophilus, which is likely responsible for high nitrous oxide flux from high temperature GBS sediments Hedlund et al., 2011) . This study also revealed a high abundance of novel lineages in GBS, particularly in the highest temperature sediments. Five specieslevel OTUs comprised 482.17% of all pyrotags in sediment samples X82 1C, and three of these OTUs could not be identified at the phylum or class level (GAL35, pSL4 and NAG1). This high degree of novelty underscores the need to uncover the roles of these organisms in order to understand the biology of this ecosystem.
